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(57) ABSTRACT 

In one aspect, the present invention generally provides meth 
ods for fabricating substrates for use in a variety of analytical 
and/or diagnostic applications. Such a substrate can be gen 
erated by exposing a semiconductor surface (e. g., silicon 
surface) to a plurality of short laser pulses to generate micron 
siZed, and preferably submicron-siZed, structures on the sur 
face. The structured surface can then be coated With a thin 
metallic layer, e.g., one having a thickness in a range of about 
10 nm to about 1000 nm. 
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GENERATING A STRUCTURED SURFACE BY IRRADIATING 
A SUBSTRATE SURFACE (e.g. . A SILICON SURFACE) 

WITH A PLURALITY OF SHORT LASER PULSES 
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nm ABOUT 1000 
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METALIZED SEMICONDUCTOR 
SUBSTRATES FOR RAMAN SPECTROSCOPY 

RELATED APPLICATION 

[0001] This application claims priority to a provisional 
application entitled “MetaliZed Semiconductor Substrates for 
Raman Spectroscopy,” Which Was ?led on J an. 23, 2007 and 
has a Ser. No. 60/886,244. 
[0002] This application is also a continuation-in-part (CIP) 
of US. patent application entitled “Applications of Laser 
Processed Substrate for Molecular Diagnostics,” ?led on Jun. 
14, 2006 having a Ser. No. 11/452,729, Which in turn claims 
priority to a provisional application ?led on Jun. 14, 2005 and 
having a Ser. No. 60/690,385. 

BACKGROUND 

[0003] The present invention relates generally to methods 
for fabricating substrates suitable for use in analytical and 
diagnostic optical systems, and in particular, substrates for 
use in Raman spectroscopy. 
[0004] Raman spectroscopy can be employed as an analyti 
cal as Well as a diagnostic technique in a variety of applica 
tions, such as material characterization and identi?cation. It 
relies on inelastic scattering of incident photons by a mol 
ecule, via coupling to its vibrational modes, to provide an 
essentially unique signature for that molecule. In particular, 
such inelastic scattering (commonly knoWn as Raman scat 
tering) can cause a decrease or an increase in the scattered 

photon energy, Which appear as “Stokes” and “anti-Stokes” 
peaks in a Wavelength-dispersed spectrum of the scattered 
photons. A drawback of Raman spectroscopy is the relatively 
feW incidences of such inelastic scattering. The probability 
that a scattering event Will occur is typically called “cross 
section,” Which is expressed in terms of area. 
[0005] Raman scattering cross-sections can, hoWever, be 
signi?cantly enhanced by placing the molecule on or near a 
conductive surface. Such a mode of performing Raman spec 
troscopy is commonly knoWn as surface enhanced Raman 
spectroscopy (SERS). Although SERS is a promising tech 
nique for extending the use of Raman spectroscopy to a 
variety of neW applications, its use is currently limited due to 
a dearth of reliable, high performance substrates. 
[0006] Accordingly, there is a need for substrates for use in 
SERS, as Well as other applications, that can provide a high 
degree of reliability and performance. There is also a need for 
methods of fabricating such substrates With a high degree of 
reproducibility, Which can be easily and, preferably inexpen 
sively, implemented. 

SUMMARY 

[0007] In one aspect, a method of fabricating a substrate 
suitable for use in a variety of applications, such as surface 
enhanced Raman spectroscopy, is disclosed. The method 
includes generating micron-siZed, and preferably submicron 
siZed structures, on a substrate surface, e.g., a semiconductor 
surface such as a silicon surface, by exposing the surface to a 
plurality of short laser pulses, e.g., sub-picosecond pulses 
(e. g., pulses having durations in a range of about 100 femto 
seconds (10-15 seconds) to about one picosecond (10-12 sec 
onds)). In many cases, the pulses are applied to the surface 
While the surface is in contact With a liquid, e.g., polar or a 
non-polar liquid. Subsequently, the structured surface is 
coated With a thin metallic layer (e.g., a metallic layer having 
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a thickness in a range of about 10 nm to about 1000 nm, and 
preferably in a range of about 50 nm to about 120 nm). In 
many cases, the metallic layer exhibits micron-siZed, and 
preferably sub-micron-siZed, structures that correspond sub 
stantially to the structures present in the underlying surface. 
[0008] In another aspect, a diagnostic method is disclosed 
that includes generating a plurality of micron-sized and/or 
submicron-siZed structures on a substrate surface, e. g., a 
semiconductor surface, by exposing the surface to a plurality 
of short laser pulses, folloWed by disposing a metallic layer, 
e.g., one having a thickness in a range of about 10 nm to about 
1000 nm (and preferably in a range of about 50 nm to about 
120 nm), over the structured surface. The metal-covered sur 
face, Which can exhibit structures corresponding substan 
tially to the structures present on the underlying substrate 
surface, can then be utiliZed as a substrate for a diagnostic 
assay. In some cases, the diagnostic assay can comprise per 
forming surface enhanced Raman spectroscopy. 
[0009] In other aspect, a substrate for use in Raman spec 
troscopy, and other analytical and/or diagnostic applications, 
is disclosed that includes a substrate, e.g., a semiconductor 
substrate such as a silicon Wafer, having a surface that exhibits 
micron-siZed, and preferably submicron-siZed, structures. A 
metallic layer having a thickness in a range of about 10 nm to 
about 1000 nm, and preferably in a range of about 50 nm to 
about 120 nm, covers at least a portion of the structured 
semiconductor surface. The metallic layer exhibits microns 
siZed, and preferably submicron-siZed, structures (surface 
undulations). In many cases, the structured of the metallic 
layer correspond substantially to the structures present on the 
semiconductor surface. 
[0010] Further understanding of the invention can be 
obtained by reference to the folloWing detailed description in 
conjunction With the associated draWings, Which are brie?y 
described beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a How chart depicting various steps in some 
exemplary embodiments of methods of the invention for gen 
erating a metaliZed semiconductor sensing substrate, 
[0012] FIG. 2 schematically depicts an exemplary appara 
tus suitable for generating micron-sized or submicron-siZed 
structures on a substrates’ surface, such as a semiconductor 

surface, 
[0013] FIG. 3 shoWs nanosiZed structures, in the form of 
spikes, formed on a silicon surface by exposing the surface to 
a plurality of femtosecond pulses While the surface is in 
contact With Water, 
[0014] FIG. 4 schematically depicts a sensing substrate 
according to an embodiment of the invention, Which includes 
a structured semiconductor surface coated With a thin metal 
lic layer, and its use in SERS, 
[0015] FIG. 5A is a surface enhanced Raman spectrum of a 
?lm of BenZenethiol disposed over a metal-covered struc 
tured silicon surface, 
[0016] FIG. 5B is a control Raman spectrum of neat, bulk 
BenZenethiol, 

DETAILED DESCRIPTION 

[0017] The present invention generally provides sensing 
substrates that are suitable for use in a variety of applications, 
including surface enhanced Raman spectroscopy (SERS). In 
some embodiments, a surface of a semiconductor substrate, 
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e.g., silicon, is exposed to a plurality of short laser pulses 
(e. g., sub-picosecond laser pulses) to generate micron-siZed, 
and preferably submicron-siZed, structures (e.g., in the form 
of spikes) on that surface. The structured surface can then be 
coated With a thin layer of a metal, e.g., silver or gold, to be 
used as a substrate for SERS, or other applications. The term 
“structured surface,” as used herein, refers to a surface that 
exhibits undulations (e. g., spikes) With peak-to-trough excur 
sions (e.g., amplitudes) of a feW microns (e.g., less than about 
20 microns), and preferably less than about 1 microns, and 
more preferably less than about 100 nanometer (e.g., in a 
range of about 1 nm to about 50 nm). The “structured surface” 
can exhibit a surface roughness With amplitudes less than 
about 1 micron, and preferably less than about 100 nanom 
eters, and more preferably less than about 50 nm. 

[0018] With reference to a How chart 10 shoWn in FIG. 1, an 
exemplary method in accordance With one embodiment of the 
invention for fabricating a metaliZed sensing substrate, e.g., 
one suitable for use in surface enhanced Raman spectroscopy 
(SERS), comprises generating a structured surface (step A) 
by irradiating a substrate surface (e.g., a semiconductor sur 
face, such as a silicon surface) With a plurality of short laser 
pulses. The term “short laser pulses,” as used herein, refers to 
laser pulses having durations less than about a feW nanosec 
onds (10'9 seconds), e. g., pulses With durations in a range of 
about 100 femtoseconds (10-15 seconds) to about one pico 
second (10'12 seconds). By Way of example, in some embodi 
ments, a silicon substrate canbe exposed to a plurality of short 
pulses (e.g., pulses having durations in a range of about 100 
femtoseconds to about 500 femtoseconds) While the surface 
is in contact With a ?uid, e.g., Water. The pulses cause a 
change in surface topography characterized by surface undu 
lations (e.g., surface roughness) having amplitudes less than 
about a feW microns (e.g., less than about 10 microns), and 
preferably less than about 1 micron, e.g., in a range of about 
50 nm to about 200 nanometers. 

[0019] By Way of example, FIG. 2 schematically depicts an 
exemplary optical system 12 suitable for processing a sub 
strate (e.g., a semiconductor substrate) so as to generate 
micron-sized, and preferably submicron-siZed, features 
(structures) on a surface thereof. For example, the features 
can include a plurality of spikes, e.g., substantially columnar 
structures extending from the surface to a height above the 
surface. The optical system 12 includes a Titanium-Sapphire 
(TizSapphire) laser 14 for generating short laser pulses. By 
Way of example, the Ti: Sapphire laser can generate laser 
pulses With a pulse Width of about 80 femtoseconds at 800 nm 
Wavelength (e.g., at an average poWer of 300 mW and at a 
repetition rate of 95 MHZ). The pulses generated by the 
TizSapphire laser can be applied to a chirped-pulse regenera 
tive ampli?er (not shoWn) that, in turn, can produce, e. g., 0.4 
millijoule (mJ)), 100 femtosecond pulses at a Wavelength of 
800 nm and at a repetition rate of about 1 kilohertZ. 

[0020] The optical system 12 further includes a harmonic 
generation system 16 that receives the ampli?ed pulses and 
doubles their frequency to produce, e.g., 100-femtosecond 
second-harmonic pulses at a Wavelength of 400 nanometers. 
A lens 18 focuses the second-harmonic pulses onto a surface 
of a semiconductor sample 20, Which can be disposed on a 
three-dimensional translation system (not shoWn). A glass 
liquid cell 22 can be coupled to the semiconductor sample so 
as to alloW the sample surface exposed to the pulses to have 
contact With a liquid 24 (e.g., Water) contained Within the cell. 
Further details regarding methods and apparatuses for gener 
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ating micron-siZed, and preferably submicron-siZed, features 
on a semiconductor surface can be found in co-pending US. 
patent application entitled “Femtosecond Laser-Induced For 
mation Of Submicrometer Spikes OnA Semiconductor Sub 
strate” having a Ser. No. 11/196,929, ?led Aug. 4, 2005, 
Which is herein incorporated by reference. US. Pat. No. 
7,057,25 6 entitled “Silicon-Based Visible And Near-Infrared 
Optoelectronic Devices” and Published US. Patent Applica 
tion No. 2003/00299495 entitled “Systems And Methods For 
Light Absorption and Field Emission Using Microstructured 
Silicon,” both of Which are herein incorporated by reference, 
provide further disclosures regarding microstructuring sili 
con surfaces by application of short laser pulses. 

[0021] By Way of illustration, FIG. 3 shoWs a silicon sur 
face on Which a plurality of nanosiZed features are generated 
via irradiation of the surface With a plurality of femtosecond 
laser pulses While the surface Was in contact With Water. 

[0022] Referring again to the How chart 10 of FIG. 1, in step 
(B), the structured semiconductor surface can be coated With 
a thin metallic layer, e. g., silver or gold, to generate a substrate 
for use in surface enhanced Raman spectroscopy (SERS), or 
other applications. The metallic layer exhibits a thickness in a 
range of about 10 nm to about 1000 nm, and more preferably 
in a range of about 50 nm to about 120 nm. In many embodi 
ments, the metallic layer exhibits micron-siZed, and prefer 
ably submicron-siZed, features (structures) that substantially 
correspond to those of the underlying semiconductor surface. 
The metallic coating (e.g., a coating ofAu, Ag, Pt, Rh, or other 
suitable metals) can be formed over the structured semicon 
ductor surface, e.g., via evaporation, sputtering, electroplat 
ing or other suitable metal deposition methods. In this man 
ner, a conductive surface exhibiting micron- siZed, and 
preferably submicron-siZed structures, can be formed that 
can be utiliZed in a variety of analytical and/or diagnostic 
applications, such as Raman spectroscopy. 

[0023] The metal coating, Which in many embodiments has 
a thickness comparable to, or smaller than, the Wavelength of 
visible light, can provide an electric ?eld enhancing conduc 
tive surface. Without being limited to any particular theory, 
the metal surface can exhibit surface plasmon resonance 
effects that can enhance electric ?elds in the vicinity of its 
mesostructures. Such enhancement of the electric ?eld in the 
vicinity of the surface can advantageously be utiliZed in a 
variety of applications, such as Raman spectroscopy. 
[0024] By Way of example, FIG. 4 schematically depicts a 
silicon substrate 21 having a structured surface 2111 (a surface 
exhibiting micron-siZed or preferably submicron-siZed struc 
tures) on Which a thin metal layer 23 (e.g., a metal layer 
having a thickness in a range of about 10 nm to about 1000 
nm, and preferably in a range of about 50 nm to about 120 nm) 
is deposited. The structured silicon surface can be formed in 
a manner discussed above (by exposure to short laser pulses), 
and the metal layer can be formed over the surface by any 
suitable method, such as evaporation and electrodeposition. 
In some embodiments, the metal-covered surface can be uti 
liZed as a sensing substrate for performing SERS. For 
example, an analyte of interest 25 can be disposed over the 
surface, or in proximity of the surface, and its Raman spec 
trum can be obtained by utiliZing a Raman spectrometer 27. 
In other cases, the substrate surface can be placed Within an 
environment so as to be in contact With, or in proximity of, 
one or more molecular species in that environment. The 
Raman spectra of those species can then be measured so as to 
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obtain information about the environment, e. g., the presence 
and/ or quantity of one or more analytes (molecular species). 
[0025] The applications of the sensing substrates of the 
invention are not limited to those discussed above. For 
example, the metaliZed polymeric substrates of the invention 
can ?nd a variety of uses in areas that require intense optical 
?elds at a surface. 

[0026] The following example provides further illustration 
of the salient aspects of the invention, and is provided only for 
illustrative purposes and to shoW the e?icacy of the methods 
and systems according to the invention for signi?cantly 
enhancing the signal-to-noise ratio in SERS. The example, 
hoWever, does not necessarily shoW the optimal results (e.g., 
optimal signal-to-noise ratios) that can be obtained by 
employing the substrates of the invention. 

EXAMPLE 

[0027] A silicon surface Was irradiated With a plurality of 
femtosecond laser pulses With a pulse Width of about 100 
femtoseconds While the surface Was in contact With Water 
such that each surface location Was exposed to about 500 laser 
pulses. In this manner, a plurality of submicron-siZed features 
Were formed on the silicon surface. A thin layer of silver With 
a thickness of about 80 nm Was deposited over the nanostruc 
tured silicon surface. A ?lm of BenZenethiol Was disposed on 
the metal-covered surface and a Raman spectrum of the Ben 
Zenethiol Was obtained by employing a commercial Raman 
spectrometer manufactured by Horiba Jobin Yvon, Inc. of 
NeW Jersey, U.S.A., under the trade designationAramis. This 
Raman spectrum is shoWn in FIG. 5A. As a control, the 
Raman spectrum of bulk, neat BenZenethiol Was obtained by 
employing the same spectrometer. The control spectrum is 
shoWn in FIG. 5B. A comparison of the spectra presented in 
FIGS. 5A and 5B indicates that the use of the metal-covered 
nanostructured silicon surface results in an enhancement of 
the order of 1010 in the signal-to-noise ratio of the Raman 
spectrum. 
[0028] A self-assembled monolayer (SAM) of ben 
Zenethiol can be used to quantify the number of molecules 
present on the structured surfaces. The molecular packing 
density of benZenethiol on a silver surface is knoWn to be 
approximately 4><10l4 cm_2. For the Raman spectra of the 
SAM on a silver coated structured semiconductor surface, the 
integrated peak intensity of a single Raman band can be 
normaliZed With a Raman band from the spectrum of a sample 
of neat benZenethiol so as to derive an enhancement factor of 
the scattering cross section per individual molecule. With 
knoWledge of the neat sample’s refractive index, molar vol 
ume, and probed volume, the EF of the various substrates can 
be determined. UtiliZing this approach, in one set of experi 
ments, an enhancement factor (EF) of about 1 .88><10l0 for the 
1000 cm“1 band, and an EP of about 1.49><10ll for the 1572 
cm-1 band of BenZenethiol Was obtained by utiliZing a silver 
coated structured silicon surfaces. 
[0029] It should be understood that the enhancement factor 
can be de?ned differently than that discussed above, Which 
can lead to different numerical values for the enhancement 
factor. Regardless, the above exemplary data shoWs that a 
signi?cant enhancement factor can be achieved by the use of 
the metaliZed structured substrate. By Way of example, an 
article entitled “Surface Enhanced Raman Scattering 
Enhancement Factors: A Comprehensive Study,” authored by 
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Le Ru et al. and published in J. Phys. Chem. C 2007, 111, 
13794-13803 describes various de?nitions of SERS enhance 
ment factors. This article in herein incorporated by reference 
in its entirety 
[0030] Those having ordinary skill in the art Will appreciate 
that various modi?cations can be made to the above embodi 
ments Without departing from the scope of the invention. 
What is claimed is: 
1. A method of fabricating a sensing substrate, comprising 
exposing a semiconductor surface to a plurality of short 

laser pulses to generate a plurality of micron-sized and/ 
or submicron-siZed structures therein, 

disposing a metallic layer over said structured semicon 
ductor surface, 

Wherein said metallic layer has a thickness in a range of 
about 10 nm to about 1000 nm. 

2. The method of claim 1, Wherein said metallic layer has a 
thickness in a range of about 50 nm to about 120 nm. 

3. The method of claim 1, further comprising selecting said 
short pulses to have durations in a range of about 100 femto 
seconds to about one picosecond. 

4. The method of claim 1, Wherein said structures comprise 
a plurality of surface undulations having amplitudes less than 
about 1 micron. 

5. A diagnostic method, comprising 
generating a plurality of micron-sized and/or submicron 

siZed structures on a substrate surface by exposing the 
surface to a plurality of short laser pulses, 

depositing a metallic layer over said structured surface, 
utiliZing said metal-covered surface as a substrate for a 

diagnostic assay. 
6. The diagnostic method of claim 5, Wherein said short 

laser pulses have a pulse duration in a range of about 100 
femtoseconds to about tens of nanoseconds. 

7. The diagnostic method of claim 5, Wherein said metallic 
layer has a thickness in a rang of about 10 nm to about 1000 
nm. 

8. The diagnostic method of claim 5, Wherein said metal 
layer exhibits structures substantially corresponding to struc 
tures present on the underlying substrate surface. 

9. The diagnostic method of claim 5, Wherein said substrate 
comprises a semiconductor substrate. 

10. The diagnostic method of claim 9, Wherein said diag 
nostic assay comprises performing surface enhanced Raman 
spectroscopy. 

11. A method for sensing at least one of the presence and 
quantity of an analyte, Wherein the method comprises: 

providing a base that has been structured using laser pro 
cessing so as to provide at least one patterned surface; 

applying a metal to the at least one patterned surface so as 
to provide at least one metaliZed patterned surface; and 

using the at least one metaliZed patterned surface as a 
substrate for performing a diagnostic assay of the ana 
lyte. 

12. An apparatus for use in performing a diagnostic assay 
of an analyte, the apparatus comprising: 

a base that has been structured using laser processing so as 
to provide at least one patterned surface; and 

a metal applied to the at least one patterned surface so as to 
provide at least one metaliZed patterned surface. 

* * * * * 


